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Abstract
It is well known that conventional association tests can lead to excessive false positives when there
is population stratification. We propose a new test for detecting genetic association with a case-
control study design. Unlike some other methods for handling population stratification, we treat
the cases as a population and the controls as another one even though each of them may be a
mixture of several sub-populations. A likelihood-ratio test is used to test whether the allele
frequency of a testing single-nucleotide polymorphism in the case population is the same as that in
the control population. This new test is applied to the Genetic Analysis Workshop 16 Problem 1
data on rheumatoid arthritis. Compared with the Pearson chi-square genotype test, the association
strength of many single-nucleotide polymorphisms is decreased while the signal at the HLA region
on 6p21 is maintained.
Background
One well known drawback of case-control study design
in genetic association studies is that it may be affected by
population stratification. Population stratification is an
ethnic confounder. If a sample population is from a
recent mixture of different ethnic subpopulations, it may
make the cases and controls have different genetic
background and spurious association may occur. In
order to control the effect of population stratification,
genome control [1], structured association [2], and
principal components [3] are usually used. These
methods try to gather information on population
structure from markers not associated with the pheno-
type (null markers). In this paper, we introduce a
likelihood-ratio test for genetic association in the
presence of population stratification. This method does
not make assumptions on the number of sub-popula-
tions in cases or in controls, nor does it make use of null
markers. This method is then applied to the Genetic
Analysis Workshop 16 (GAW16) Problem 1 data set.
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Let FST denote the correlation of alleles drawn from a
common subpopulation [4]. FST is the proportion of the
total heterozygosity in the population due to the
differences in allele frequencies among each subpopula-
tion. It can be expressed as FST =
Vp
pp
()
() 1− ,w h e r ep is the
average allele frequency over all subpopulations and
V(p) is the variance of allele frequency p among
subpopulations. The genotype frequencies in a popula-
tion are jointly determined by FST and the frequency of a
reference allele, say A. We treat cases as samples from
one population and controls as samples from another.
Let F1 be the value of FST in cases and F2 be the value of
FST in controls. The A allele frequency in cases and in
controls are denoted by p1 and p2, respectively. Let a
denotes the other allele, the frequencies of genotypes
AA, Aa,a n daa in cases and controls are presented in
Table 1.
We proposed a likelihood ratio test to test the
hypotheses H0: p1 = p2 = p, F1, F2 versus HA: p1 ≠ p2,
F1, F2. F1 and F2 are treated as nuisance parameters. The
log-likelihood function is
Lp p F F n p ij ij
j i
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in which i = 1 or 2 for cases or controls; for each marker
genotype, j =0 ,1 ,o r2f o rz e r oA allele, one A allele, or
two A alleles, respectively. nij are observed genotype
counts and pij are genotype frequencies as listed in
Table 1.
The maximization of the likelihood function L(p1, p2, F1,
F2) under the alternative hypothesis is straightforward.
The maximized estimate of each genotype frequency
happens to be the observed genotype frequency in cases
and controls. However, there is no explicit solution to
the maximization problem under the null hypothesis. To
maximize the log-likelihood function under H0, we take
the first-order partial derivatives of the log-likelihood
function under the null with respect to F1 and F2 and set
them to zero. Each of the two equations gives an
expression of F1 or F2 in terms of p. Then a grid search
(step size 0.001) over p ranging from 0.001 to 0.999 is
used to find the best value of p maximizing the null log-
likelihood function.
The likelihood ratio test statistic is
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According to standard statistical theory, it asymptotically
follows a chi-square distribution with 1 degree of
freedom.
Results
The GAW16 Problem 1 data set consists of 545,080 SNP
markers throughout the genome for 2062 unrelated
individuals consisting of 868 patients with rheumatoid
arthritis and 1194 controls. After quality control, 65,372
(11.99%) markers were removed. A marker was removed
if it met any one of the following criteria: its call rate was
less than 90%; the minor allele frequency was less than
0.01, or it did not follow Hardy-Weinberg equilibrium in
controls (at significance level 0.05). In addition, we only
considered markers on autosomal chromosomes.
Finally, 466,317 markers were included for further
study. Transformed p-values (-log10(p)) were plotted
genome-wide in Figure 1 (top panel) by using the
Haploview program. In addition, for comparison, results
from traditional Pearson chi-square test were also
plotted (Figure 1, bottom panel). Figure 2 plots the
transformed p-values for the proposed test versus that for
the Pearson chi-square test. The left-most panel includes
all markers. The middle panel includes only those
markers for which the absolute value of the difference
in the estimated F1 and F2 is larger than or equal to 0.05.
The right-most panel includes markers with difference
between F1 and F2 less than 0.001. If the difference is
within 0.001, we treat F1 and F2 are approximately equal.
When the difference between F1 and F2 becomes larger,
the proposed test statistic tends to be less significant.
Discussion
We proposed a test for genetic association study in the
presence of population stratification. Population strati-
fication is a confounder to the difference of genotype
frequencies between cases and controls. Unlike some
other methods such as the structured association, the
proposed test does not try to classify each individual.
Instead, it allows for the difference in the composition of
cases and controls by using two of FST coefficients, one
for cases and one for controls. Population genetics
suggests that the FST for a natural population may be
small (for instance, 0.001 or 0.01). This may be true for
Table 1: Genotype frequencies in cases and controls
AA Aa aa
Cases p12 = F1p1+(1-F1)p1
2 p11 =2 ( 1 - F1)p1(1-p1) p10 =F 1(1-p1)+(1-F1)(1-p1)
2
Controls P22 = F2p2+(1-F2)p2
2 p21 =2 ( 1 - F2)p2(1-p2) p20 =F 2(1-p2)+(1-F2)(1-p2)
2
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Plots of transformed p-values for the new test and Pearson chi-square test.
Figure 2
Comparison of transformed p-values between new test and chi-square test.
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cases. It is easy to construct a case sample for which the
FST is 0.8 or higher. Our test provides a simple way to
reduce the confounding impact of population stratifica-
tion compared with the Pearson chi-square statistic.
The proposed method attributes any deficiency in
heterozygosity in cases or controls to population
stratification. Its power to detect association can be
compromised when there is no population stratification,
especially when the trait is recessive [5]. Because
population stratification affects not only FST but also
allele frequencies in cases and controls, the proposed
method cannot completely eliminate the confounding
effect of population stratification. Due to the page
limitation, no simulation results comparing the pro-
posed method and the Pearson’s chi-square statistic are
reported. One reviewer pointed out that this may make it
difficult to interpret the difference between these two
methods observed in current study. In our unreported
simulation studies, the proposed method is still more
robust to population stratification than Pearson’sc h i -
square statistic.
Conclusion
A method for detecting association in the presence of
population stratification is proposed. Analysis of the
GAW16 Problem 1 data on rheumatoid arthritis suggests
it is more robust to population stratification than the
Pearson’s chi-square statistic. The proposed test is
implemented in two computer languages, C++ and R.
Both versions are available from the authors upon
request.
List of abbreviations used
GAW16: Genetic Analysis Workshop 16.
Competing interests
The authors declare that they have no competing
interests.
Authors’ contributions
YZ participated in the design of the study, implemented
the test, and drafted the manuscript. XX participated in
the data collection and design of the study. KW
conceived of the study, participated in the design of
the study, helped to draft the manuscript, and advised in
the process of the study.
Acknowledgements
We thank Drs. Deborah Dawson, Trudy Burns, and Jian Huang, GAW16
Group 13 Editors Tony Hinrichs, PhD and Brian Suarez, PhD, and two
anonymous reviewers for their valuable comments and suggestions.
This article has been published as part of BMC Proceedings Volume 3
Supplement 7, 2009: Genetic Analysis Workshop 16. The full contents of
the supplement are available online at http://www.biomedcentral.com/
1753-6561/3?issue=S7.
References
1. Devlin B and Roeder K: Genomic control for association
studies. Biometrics 1999, 55:997–1004.
2. Pritchard JK: Association mapping in structured populations.
Am J Hum Genet 2000, 67:170–181.
3. Price AL: Principal components analysis corrects for strati-
fication in genome-wide association studies. Nat Genet 2006,
38:904–909.
4. Wright S: Evolution and the Genetics of Populations, volume
2. The Theory of Gene Frequencies.Chicago, University of
Chicago Press; 1969.
5. Won S and Elston RC: The power of independent types of
genetic information to detect association in a case-control
study design. Genet Epidemiol 2008, 32:731–756.
Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Proceedings 2009, 3(Suppl 7):S111 http://www.biomedcentral.com/1753-6561/3/S7/S111
P a g e4o f4
(page number not for citation purposes)